, and minor capsid protein (mCP), were present in all virophages studied thus far. They also shared a conserved gene cluster comprising the two core genes of MCP and mCP. Comparative genomic and phylogenetic analyses showed that YSLVs, having a closer relationship to each other than to the other virophages, were more closely related to OLV than to Sputnik but distantly related to Mavirus and ALM. These findings indicate that virophages appear to be widespread and genetically diverse, with at least 3 major lineages.
V
irophages, a group of circular double-stranded DNA (dsDNA) viruses, are icosahedral in shape and approximately 50 to 100 nm in size (1) (2) (3) (4) . Virophages have three unique features (2) . First, the nuclear phase is absent during the infection cycle of virophages. Second, the replication of virophages takes place in a viral factory of the giant host DNA viruses. Third, they depend on enzymes from host viruses instead of host cells. Accordingly, virophages are considered to be parasites of giant DNA viruses, e.g., mimiviruses and phycodnaviruses (1) (2) (3) . Giant DNA viruses possess huge genome sizes (up to Ϸ1,259 kb), some of which are even larger than those of certain bacteria (5) (6) (7) . The infection and propagation of virophages lead to a significant decrease in host virus particles and, consequently, an increase in host cell survival (1) (2) (3) . Additionally, exchanges of genes may occur between virophages and giant DNA viruses (1-3, 8, 9) . Therefore, virophages are potential mediators of lateral gene transfer between large DNA viruses (8, 9) .
Thus far, four virophages have been identified in distinct locations ( Table 1 ). The first reported virophage, Sputnik, was isolated from an Acanthamoeba species infected with the large mamavirus in a water-cooling tower in Paris, France (2) . The second virophage, Mavirus, was observed in a marine phagotrophic flagellate (Cafeteria roenbergensis) in the presence of the host virus, Cafeteria roenbergensis virus, originating from the coastal waters of Texas (1, 10) . The third virophage, Organic Lake virophage (OLV), discovered in a hypersaline meromictic lake in Antarctica, is thought to parasitize large DNA viruses infecting microalgae (3, 11) . At the time of this report, a fourth virophage, Sputnik 2, together with its host virus, Lentille, has been detected in the contact lens solution of a patient with keratitis in France (12) . The fact that virophages exist in a wide range of virus and eukaryotic hosts, as well as in a variety of unique habitats, implies the possibility that they are more widely distributed and diverse than previously thought.
To obtain greater insight into the unusual diversity of the global distribution and abundance of virophages, in this study, metagenomic databases on the Community cyberinfrastructure for Advanced Microbial Ecology Research and Analysis (CAMERA) 2.0 Portal (https://portal.camera.calit2.net/) (13) were analyzed comprehensively. Four complete genomic sequences of virophages and one nearly complete sequence were assembled based on the metagenomic DNA sequences of Yellowstone Lake, Wyoming, and Ace Lake, Antarctica. Comparative genomics and phylogenetic analyses were performed in order to better understand the genomic sequence features, phylogeny, and evolution of virophages.
MATERIALS AND METHODS
Analysis of metagenomic databases. The gene sequences of the three known virophages, Sputnik, Mavirus, and OLV (Sputnik 2 was excluded in the analysis since it was a new strain of Sputnik), were downloaded from the NCBI genome database and blasted against the NCBI nr database. The genomic sequence of another Sputnik, strain 3, was also available in GenBank; however, because Sputnik 2 and Sputnik 3 actually have the same sequence, Sputnik 3 was also not included in the analysis. Genes showing blastp hits to virophages only or no hits (E-valueϽ10 Ϫ5 ) were considered virophage-specific marker genes and were used to evaluate the global distribution and abundance of virophages. The genes were searched (tblastx, E-valueϽ10 Ϫ5 ) against databases of all metagenomic pyrosequencing reads and all Sanger reads on the CAMERA 2.0 Portal. The screened virophage-related sequences were further confirmed based on a blast similarity search against the NCBI nr databases. Mapping of the global distribution pattern of virophages was visualized through MapInfo Professional (version 11.0; Pitney Bowes Software, Inc.). The abundance of virophages is presented as the ratio of the number of virophage-like sequences in a given metagenomic data set and the total number of sequences in that respective data set, normalized to 1,000,000.
Analysis of virophage conserved genes. All gene sequences of virophages Sputnik, Mavirus, and OLV were compared to the NCBI nr database using both blastp and PSI-BLAST searches (14, 15) . Homologous genes shared among these three virophages were considered to be conserved. Their sequence similarities were also proofed based on multiple sequence alignment using MUSCLE (16) on Geneious Pro (version 5.5.7; Biomatters Ltd.).
Assembling of genomic sequences of new virophages. Major capsid protein (MCP), the homolog of MV18 (Mavirus), V20 (Sputnik), and OLV09 (OLV), was searched (tblastx, E-valueϽ10 Ϫ5 ) against all metagenomic pyrosequencing read databases and all Sanger read databases on the CAMERA 2.0 Portal. Sequences significantly similar to these three MCPs were screened, downloaded, and treated as virophage MCP-related sequences. Subsequently, they were assembled to obtain MCP-related contigs. Each contig served as a reference sequence to which all reads from the corresponding metagenomic database were assembled. Once an extended sequence with a relatively longer size and higher coverage was obtained after assembly, it was used as the next reference to assemble all reads from metagenomic databases. This procedure was repeated until the assembled sequence stopped extending. If there was a repeat region of approximately 100 bp at both ends of the sequence obtained, it was eventually self-assembled to a circular DNA sequence. All sequence assemblies were performed using Geneious Pro. The sequence assembly parameters used in this study were a minimum overlap of 25 bp with Ͼ90% sequence identity, as well as 50% maximum mismatches per read.
Prediction and annotation of ORFs. The prediction and annotation of virophage open reading frames (ORFs) followed the procedures described in the literature (17, 18) . Each predicted ORF encompassed a start codon of ATG, minimum size of 135 bp, standard genetic code, and a stop codon. The blastp, tblastx, and PSI-BLAST programs were used for sequence similarity comparisons of the predicted ORFs to NCBI nr databases (14, 15) . A local database that contained the translated protein sequences of all predicted ORFs in Sputnik, Mavirus, and OLV, as well as the five new virophages described in this study, was also included in the blast search. ORFs were searched for characteristic sequence signatures using the InterProScan program (19) .
Phylogenetic analysis. Amino acid sequences were aligned using MUSCLE (16) , and the phylogenetic trees were reconstructed by using PhyML (version 3.0, Méthodes et Algorithmes pour la Bioinformatique, LIRMM, CNRS-Université de Montpellier; http://www.atgc -montpellier.fr/phyml/) (20) .
Nucleotide sequence accession numbers. The genomic sequences of the four Yellowstone Lake virophages (YSLVs) and Ace Lake Mavirus (ALM) have been deposited in GenBank under the accession numbers KC556924 (YSLV1), KC556925 (YSLV2), KC556926 (YSLV3), KC556922 (YSLV4), and KC556923 (ALM).
RESULTS AND DISCUSSION

Diversity of global distribution and abundance of virophages.
The blast similarity search (E-valueϽ10 Ϫ5 ) indicated that a total of 44 ORFs turned out to be virophage-specific marker genes, comprising 16 ORFs of Sputnik, 13 of Mavirus, and 15 of OLV (Table 2 ). These genes were used as query sequences and searched against all metagenomic data deposited in the CAMERA database. The CAMERA database is a web-based analysis portal that allows for depositing, locating, analyzing, visualizing, and sharing microbial data obtained from various environments, such as marine, soil, freshwater, wastewater, hot springs, animal hosts, and other habitats (13) . Therefore, the general tendency of the global distribution and abundance of virophages can be predicted according to the virophage-related sequence information of blast hits provided by the CAMERA 2.0 Portal. The search found 1,766 pyrosequencing reads and 204 Sanger reads related to Sputnik, 203 pyrosequencing reads and 253 Sanger reads akin to Mavirus, and more than 50,000 pyrosequencing reads and Sanger reads similar to OLV (see Table S1 in the supplemental material). The redundant reads were incorporated and removed. Finally, 23,599 virophage-related sequences were obtained. Among them, 148 were Mavirus hits, 812 were Sputnik hits, and 22,639 were OLV hits, accounting for 95% of the total sequences associated with virophages (23, 599) . It appeared that OLV and its relatives were more abundant than Sputnik and Mavirus virophages in the environments.
As depicted in Figure 1 , virophages were distributed widely throughout the world, including almost all geographical zones. The habitats of virophages were also localized in a variety of environments, ranging from the deep ocean to inland (Fig. 2) . The abundance of virophages tended to increase from the ocean to land environments, was the highest in freshwater habitats, and was relatively greater in ocean sediment than in deep seawater ( Fig. 2A) . As for vertical distribution, in general, virophage abundance decreased with the increase in ocean depth (Fig. 2B) . The epipelagic zone seemed to be enriched with virophages. This was probably because this illuminated zone at the surface of the sea is colonized by the most living organisms in the sea. Interestingly, although there is a large difference between the conditions of the abyssopelagic and the mesopelagic zones, it seemed that the numbers of virophage-related sequences observed in these two zones were quite similar (Fig. 2B ). Whether real virophage enrichment was present in the abyssopelagic zone or whether it was a result of the virophage-infected host viruses and/or host cells settling to the deep sea remains to be studied further. In terms of geographical zones, the frigid zones turned out to have the greatest abundance of virophages, followed by the tropical zones (Fig. 2C) . Obvious limitations and biases of the data deposited in CAMERA exist, and caution should be taken during attempts to interpret the global distribution and abundance of virophages. However, these findings open a new window into further exploration and survey of the diversity of unique virophages worldwide.
In addition, unexpectedly, a small number of virophagerelated sequences was detected in nonaquatic environments, e.g., 65 sequences from the human gut, 11 from animal-associated habitats, 7 from soils, 4 from glacier metagenomes, and 1 from air in the East Coast of Singapore. Thus far, little is known with regard to such unusual diversity (21) . Taken together, comparative analyses of metagenomic databases revealed the global distribution and distinct abundance of virophage-related sequences, which suggested that virophages are common entities on Earth. Large-scale sampling and analyses are necessary to obtain a complete picture of the diversity of virophages.
Four complete genomes of Yellowstone Lake virophages and one nearly complete genome of Ace Lake Mavirus. Major capsid Table S1 in the supplemental material). Abundance was normalized to 1,000,000. protein is generally considered to be a conserved protein among viruses, and it is widely used to reconstruct phylogenetic trees. It was also conserved in virophages, based on blast sequence similarity searches and sequence alignment. In our study, four complete virophage genomes and one nearly complete virophage genome were obtained from two metagenomic databases named Yellowstone Lake: Genetic and Gene Diversity in a Freshwater Lake and Antarctica Aquatic Microbial Metagenome, which were downloaded from the CAMERA 2.0 Portal. These virophages were tentatively named YSLV1, YSLV2, YSLV3, YSLV4, and ALM. Detailed results of the metagenome assembly, i.e., genome coverage, the number of reads recruited to each genome, and the size of the data sets from which the metagenomes originated, are shown in showed similarity to sequences of unicellular eukaryotic organisms (marine choanoflagellate Monosiga brevicollis and ciliated protozoan Tetrahymena thermophila); 67 ORFs had no sequence hits to current NCBI databases ( Table 4 ). Given that the virus and eukaryotic hosts of the virophages obtained in this study may be the NCLDs and the protists mentioned above (or their associated relatives), it is conceivable that horizontal gene transfer and/or gene recombination occurred between ancestor virophages and their viruses, as well as cellular hosts. Such gene replacement traces have been observed in virophages (Sputnik, Mavirus, and OLV) and their hosts (1) (2) (3) . In addition, significant sequence similarity (E-valueϽ10 Ϫ5 ) was not detected between virophages and any viruses infecting multicellular organisms, which suggested that virophages diverged early and subsequently underwent a strict and unique evolution with their viruses and unicellular eukaryotic hosts.
Conserved genes of virophages. Based on a blastp and PSI-BLAST search against NCBI nr databases and a local database comprising all ORFs of eight virophages (five in this study and three published), five genes were found to be present in all eight virophages (Table 5) . They were putative FtsK-HerA family DNA packaging ATPase and genes encoding putative DNA helicase/primase (HEL/PRIM), putative cysteine protease (PRSC), putative MCP, and putative minor capsid protein (mCP). These four genes had blastp hits to virophage genes only (E-valueϽ10 Ϫ1 ), with the exception of HEL/PRIM (Table  4) . Sequence alignment of these four proteins also revealed unambiguous similarity of amino acids (data not shown). Hence, it is reasonable to define them as virophage conserved core genes. The HEL/PRIM homolog was predicted according to either functional domains or sequence similarity, since significant sequence similarity was undetectable among some virophage species (Table 4) .
Besides these five conserved genes, the four YSLVs shared two other homologous genes with unknown functions, which were present in the OLV as well, but not in Sputnik, Mavirus, or ALM (Table 5 and Fig. 5) . Interestingly, in all four YSLVs, homolog counterparts of the conserved genes of ATPase, PRSC, and mCP always showed the highest sequence similarity to that in OLV (Table 4); their second and third matches were strictly in the order of Sputnik and Mavirus. In most cases, their blast E-values were Ͼ10 Ϫ5 for Mavirus hits but Ͻ10 Ϫ10 for Sputnik hits. Taken together, these results suggested that the YSLVs were more closely related to OLV than to Sputnik and that they were distantly related to Mavirus.
The evolutionary relationship between Mavirus and ALM was evident, as they shared 13 homologous genes (Table 4 and Fig. 4 ). Among them, five were virophage conserved genes, three encoded putative GIY-YIG endonuclease, putative rve (integrase core domain) superfamily integrase, and putative protein-primed Bfamily DNA polymerase, and five were functionally unknown. Furthermore, three syntenic regions existed between Mavirus and ALM (Fig. 4) ; however, two of these regions ran in opposite directions in the two virophages (Fig. 4) .
Conserved gene clusters. In this study, a gene cluster (or order) was considered to be several adjacent genes whose arrangement was conserved in some virophages; if present in all eight virophages, it was defined as a conserved gene cluster. As shown in Figures 3 and 4 , a conserved gene cluster, comprised of the two conserved genes MCP and mCP, was present in all eight virophages. YSLVs 2, 3, and 4 and OLV shared a gene cluster consisting of the core gene ATPase and an ORF of unknown function. Furthermore, a gene cluster of the conserved PRIM/HEL gene and an ORF with unknown function was detected in YSLVs 3 and 4, and Mavirus and ALM had three gene clusters in common.
Phylogeny and evolution. Three virophage core genes, encoding ATPase, PRSC, and MCP, were used to reconstruct the phylogenetic tree. As shown in Figure 6 , three phylogenetic affiliation groups were observed. YSLVs and OLV seemed to form a group of closely related virophages, and Mavirus and ALM were apparently derived from a common ancestor, whereas Sputnik was an orphaned group. Such phylogenetic clustering of virophages was in agreement with the findings of the physical features of genomic DNA molecules, conserved genes, and gene orders as mentioned above. In addition, the phylogenetic trees of MCP and PRSC suggested that YSLVs were much closer to each other than to OLV (Fig. 6 ). This observation was consistent with the local tblastx results (search against a local database containing all ORFs of the eight virophages) that the best MCP hits of YSLVs were always themselves. Although it was impossible to shed light on the evolutionary relationship between these four YSLVs based on the current data, YSLVs 3 and 4 appeared to be the closest relatives. They were sister lineages on the MCP tree supported by a 70% bootstrap value (Fig. 6) , shared the largest number of homologous genes (10) (Fig. 5) , and had the highest number of gene clusters (three) (Fig. 3) .
Habitat diversity of virophages. Though they were more closely related to each other than to any other dsDNA viruses known so far, the habitats of these virophages were extremely diverse. Mavirus was from the coastal waters of Texas (1). Its closest relative ALM, however, was discovered in a hypersaline meromictic lake, Ace Lake (68°28=49ЉS, 78°11=19ЉE), in Antarctica. This lake is covered with ice for as long as 11 months to an entire year, with an average temperature of approximately 0°C (22) . OLV was also found in the neighboring Organic Lake in Antarctica (3). In contrast, YSLVs, close to OLV, were found in a freshwater lake (Yellowstone Lake) with a temperature ranging from 12 to 73°C in Yellowstone National Park, Wyoming (23) . Hence, these results indicated that virophages have adapted to habitats with a wide range of temperature variations.
In conclusion, the distinct abundance and global distribution of virophages, including almost all geographical zones as well as a variety of environments (ranging from the deep ocean to inland and iced to hydrothermal lakes), indicated that virophages appear to be widespread and genetically diverse, with at least three major lineages. Moreover, the overall low sequence similarity between the shared homologous genes in virophages and their distant phylogenetic relationships suggested that the genetic diversity of virophages is far beyond what we know thus far.
